ABSTRACT: Several subjective and objective methods for the classification of circulation patterns into categories have been developed over the past century. In this study, we used the automated Lamb weather type (WT) classification method, based on mean sea level pressure (MSLP) to examine present and future circulation patterns above Western and Central Europe. First, the European Center for Medium-Range Weather Forecast 40-year reanalysis data (ECMWF-ERA40) is used to evaluate the occurring WTs within the newly developed ECHAM5-MPI/OM model for the period 1961-2000. Our analysis shows that the ECHAM5 model is capable of reproducing circulation patterns for the October to April season. For the remaining part of the year, there are some significant differences in eastern and western directional circulation types. Therefore, in the second part of this study, past, present and future ECHAM5 pressure fields are investigated for the autumn and winter season only. Finally, long-term trends of MSLP fields of the A1B scenario simulation using ECHAM5-MPI/OM for the period 1860-2100 show a significant increase in western circulation and anticyclonic WTs over Western and Central Europe, accompanied by a decrease in eastern circulation and cyclonic WTs.
Introduction
Over the past decade, scientific interest in the use of circulation patterns to describe and analyse a wide array of climatologically different situations has been steadily increasing. For example, several studies have been exerted correlating near surface meteorological variables to large-scale circulation pattern changes (Buishand and Brandsma, 1997; Trigo and Dacamara, 2000; Buchanan et al., 2002; Fowler and Kilsby, 2002; Post et al., 2002) . For Western Europe and the North Atlantic sector, a major part of the formation and variability in circulation patterns is strongly influenced by the passage of high and low-pressure systems in the mid-latitudes. On the contrary, spatial and temporal changes in these patterns will lead to changes in Western European climatic conditions. Thus, it is of great interest to analyse and compare the main circulation patterns and their variability over Western Europe with other important climate indices and patterns for this region, e. g. the North Atlantic Oscillation (NAO). The NAO has been investigated extensively (Marshall et al. (2001) -and references herein) and it has been shown that, for the mid-latitudes, the NAO * Correspondence to: M. Demuzere, Physical and Regional Geography Research Group, K. U. Leuven, Celestijnenlaan 200E, B-3001, Heverlee, Belgium. E-mail: Matthias.Demuzere@geo.kuleuven.be is the major winter climate mode, accounting for about one third of the inter-annual variability . Furthermore, the NAO has already been examined in relation to extreme intensified cyclones (Rogers, 1997; Serreze et al., 1997; Ulbrich and Christoph, 1999; Raible and Blender, 2004) and mean flow (Raible, 2007) or blocking-like patterns over central to northern Europe (Scherrer et al., 2006; Schwierz et al., 2006) .
Analyses of circulation patterns and their variability over Western Europe can be either performed by using observational data, i. e. reanalysis data sets, or by using data sets from coupled general circulation model (CGCM) simulations. The latter will not only allow examining past and presenting situations but also enables studying potential future changes with respect to different climate scenarios. In addition, a comparison of circulation patterns imprinted in reanalysis and CGCM data sets can be used as a novel, unique method to explore the accurateness of CGCMs. However, until now only few studies have examined the strength of CGCMs in reproducing circulation patterns (Huth, 2000) . Several other studies have evaluated the potential to use blocking as a diagnostic tool for climate models (e. g. Tibaldi, 1993; D'Andrea et al., 1998) . However, the use of blocking techniques as a diagnostic tool is intrinsically limiting the research to some very specific climate features. A more broad approach using a circulation classification method can give a much more detailed insight on a synoptic time scale, as such a method can identify not only the position of cyclones and anticyclones (cyclone detection and blocking phenomena), but also the strength and frequencies of zonal and meridional mean flow patterns and the transition between different circulation patterns.
The main focus of our study is the use of an automatic version the Lamb weather type (WT) classification method (Jenkinson and Collison, 1977; Jones et al., 1993; Trigo and Dacamara, 2000) as a diagnostic tool to evaluate ECHAM5 pressure fields and to study trends in the frequency of occurrence of circulation patterns for the period 1860-2100. This automatic weather type scheme grid (WT-scheme), initially developed for the British Isles, is centred above Belgium. This region is chosen because of future planned studies on the use of circulation classifications for air quality studies in Belgium. However, our method encompasses the circulation patterns for the larger Western and Central European Region and therefore, our results are of interest for this larger region.
The method was designed as an automatic version of Lamb's classification. Buishand and Brandsma, 1996; Trigo and Dacamara, 2000; Buchanan et al., 2002; Fowler and Kilsby, 2002 and Post et al., 2002 for example, describe previous studies and applications. Mostly, local meteorological station measurements are used to establish the relations between WTs and local surface characteristics, while daily gridded fields of sea level pressure (SLP) from NCEP/NCAR or European Center for Medium-Range Weather Forecast (ECMWF) reanalysis data provide the pressure input for the WT-scheme. In this study we use the European Center for Medium-Range Weather Forecast 40-year reanalysis data (ECMWF-ERA40) (Uppala et al., 2005) to evaluate the SLP fields from the ECHAM5-MPI/OM model.
The 1961-2000 ERA40 period is used to evaluate the ECHAM5 capabilities in generating the SLP fields. Secondly, climatological trends based on the WTs are calculated for the period 1860-2100. Finally, a comparison of changes in WTs between the A1B, B1 and A2 IPCC scenarios of the ECHAM5-MPI/OM model for the period 2000-2100 is conducted. This paper is organized as follows. In Section 2 a brief overview is given of the data and models used in this study, thereby describing both ECMWF-ERA40 data and the general circulation model ECHAM5-MPI/OM, and the Lamb WT method used to construct a daily circulation pattern database. In Section 3 the result of the sensitivity of the Lamb WT number of unclassified days on grid size and resolution is presented, followed by a comparison of ECHAM5-MPI/OM pressure fields with ERA40 data. Hereby, also the relation between WT and NAO index and related cyclone identification and blocking features are investigated. Furthermore, climatic trends are investigated using the IPCC scenarios provided by ECHAM5-MPI/OM. Section 4 discusses our results and presents the conclusions.
Data and methods

Data
In this study we use the ECMWF-ERA40 SLP dataset on a 2.5°× 2.5°grid, for the larger European Atlantic Region (27.5°W-27.5°E, 85-15°N), centred above Belgium. The 6 hourly SLP values (00 h, 06 h, 12 h, 18 h) are averaged over a 24 hourly period in order to obtain daily mean sea level pressure (MSLP) fields for the period 1961-2000 (CTL ERA40 ). The fields are averaged to seasonal and yearly means. The ECHAM5-MPI/OM SLP fields for 1961 ) are generated with the coupled atmosphere-ocean model (ECHAM5/MPI-OM) at T63L31 resolution in the framework of the 4th IPCC assessment report.
The coupled model used in this study consists of new model versions for both the atmosphere and the ocean. In the atmosphere model (ECHAM5; Roeckner et al., 2003 Roeckner et al., , 2006a vorticity, divergence, temperature and the logarithm of surface pressure are represented by a truncated series of spherical harmonics (triangular truncation at T63), whereas the advection of water vapour, cloud liquid water and cloud ice is treated by a flux-form semiLagrangian scheme. A hybrid sigma/pressure system is used in the vertical direction (31 layers with the top model level at 10 hPa). The model uses state-of-the-art parameterizations for short-wave and long-wave radiation, stratiform clouds, cumulus convection, boundary layer and land surface processes, and gravity wave drag. The ocean model (MPI-OM; Marsland et al., 2003) uses the primitive equations for a hydrostatic Boussinesq fluid with a free surface. The vertical discretization is on 40 z-levels, and the bottom topography is resolved by means of partial grid cells. The ocean has a nominal resolution of 1.5°and the poles of the curvilinear grid are shifted to land areas over Greenland and Antarctica. Concentration and thickness of sea ice are calculated by means of a dynamic and thermodynamic sea ice model. In the coupled model (Jungclaus et al., 2006) , the ocean passes to the atmosphere the sea surface temperature (SST), sea ice concentration, sea ice thickness, snow depth on ice, and the ocean surface velocities. The atmosphere runs with these boundary values for one coupling time step (one day) and accumulates the forcing fluxes. These fluxes are then transferred to the ocean. The model does not employ flux adjustments.
Global ECHAM5-MPI/OM SLP datasets were provided by the Max-Planck-Institute for Meteorology, Hamburg, for the years 1860-2100. The available simulations include three IPCC scenarios A1B, B1 and A2 between years 2001 and 2100 (Roeckner et al., 2006b) , for which SLP fields are available at a 6-hourly resolution (SCEN A1B−Coupled ). Pressure data for an area identical to the selected ECMWF-ERA40 region were extracted from the T63 ECHAM5-MPI/OM SLP grid and re-gridded by conservative remapping to a 2.5°× 2.5°regular lat/lon grid, which can directly be used in the WT-scheme.
Automatic classification method
A method to classify daily circulation patterns was originally developed by Lamb (1972) . This subjective classification used surface pressure synoptic charts describing the flow in the 500-hPa level in the atmosphere. To avoid dependency of the daily WTs on experience and consistency of the researcher, this method was objectified by Jenkinson and Collison (1977) . Moreover, as shown by Conway and Jones (1998) , circulation patterns fundamentally control meteorological characteristics on the surface, whereby the use of SLP has a lot of advantages. Previous studies done by McKendry et al. (2006) show that upper pressure level patterns are less variable than surface pressure patterns and that particular upper level patterns may be associated with a large range of pressure synoptic types. Therefore the WT method uses surface pressure, which is more appropriate for the classification of circulation patterns than upper level pressure patterns. On the basis of the Lamb method, the WT circulation pattern for a given day is described using the locations of the high and low-pressure centres that determine the direction of the geostrophic flow. It uses coarsely gridded pressure data on a 16-point moveable grid and is therefore easily applicable in any area with available data.
This method allows 27 different classification of WTs to be defined, including eight main directional types: north, north-east, east, south-east, south, south-west, west, north-west and three non-directional types: anticyclonic, cyclonic and unclassified types. Sixteen hybrid types (combination of directional and non-directional types) are also recognized (Lamb, 1972) . These types are characterized through the use of a set of indices associated to the direction and vorticity of geostrophic flow. The indices used are the following: southerly flow component of the geostrophic surface wind (SF), westerly flow component of the geostrophic surface wind (WF), resultant flow (FF), southerly shear vorticity (ZS), westerly shear vorticity (ZW) and total shear vorticity (Z). These indices were computed using SLP values obtained for the retained number of grid points, and are both for the flow units as for the geostrophic vorticity expressed in hPa. The WTs are defined by comparing values of FF and Z:
• Direction of flow (in degrees) is given by tan −1 (WF/SF), 180°being added if WF is positive. The appropriate wind direction is computed using an eightpoint compass, allowing 45°per sector.
• If |Z| < FF, flow is essentially straight and considered to be of a pure directional type (eight different possibilities according to the compass directions).
• If |Z| > 2FF, the pattern is considered to be of a pure cyclonic type if Z > 0, or of a pure anticyclonic type if Z < 0.
• If FF < |Z| < 2FF, flow is considered to be of a hybrid type and is therefore characterized by both direction and circulation (16 different types).
• If Z or F F < 6, than a day is classified as 'unclassified'.
The latter point reveals that a threshold value for Z or FF is used to define whether a day is allocated as unclassified or not. For the analyses of the SLP fields, values of Z and FF do not show any specific clustering or grouping around a specific threshold value, which is in line with the findings of Goodess (2000) . Therefore, it is not necessary to implement another more useful cut-off point for our central and Western European grid area and hence the original threshold value of 6, defined originally for a grid centred on the British Isles, was retained (Jones et al., 1993) .
The analysis of the number of occurrences for each WT shows relatively small numbers for the sixteen hybrid groups. Moreover, differences in occurrence within one direction (including both the cyclonic and anticyclonic type) are small compared to differences between different directions of types. Therefore the 27 WTs are combined in a smaller number of main groups, this according to their directional characteristics. All types, both from the pure directional and hybrid types, with the same directional component are combined into the same directional group/type. This results in eight directional types (e. (Table I) . This strategy of reducing the number of classes facilitates the inter-comparison between classification types derived from both ECHAM5-MPI/OM and ECMWF-ERA40 SLP fields. Figure 1 depicts the SLP composite maps for the 11 WTs separately for the ECMWF-ERA40 SLP reference dataset.
First, the number of WTs will be derived based on ECHAM5-MPI/OM and ECMWF-ERA40 SLP fields for the period 1961-2000. To assess whether there are significant differences in observed and modelled frequency distribution averaged over all types and for different periods of time (year, season, month), the χ 2 test is applied using a 0.1 significance level (Chernoff and Lehmann, 1954) . In this way, it is possible to get more insight in the overall model performance in terms of WTs over the 40-year period. Inter-annual variability for each WT individually is tested with the student t-test on a monthly time scale. To investigate whether differences in trends of WTs based on the three different IPCC scenarios are significant, the Mann-Kendall test (e.g. Verstraeten et al., 2006) was used, using a statistical significance of 10%. Table I . Overview of the weather types, representing the 26 + 1 JC weather types and the reduced eight directional weather type groups (right column).
allocation of WTs and in the number of unclassified days. Therefore, a sensitivity test is done using various numbers of grid points and different grid configurations. Originally, the grid was set up consisting of 16 grid points with a 10°resolution in zonal and a 5°resolution in meridional directions (Jenkinson and Collison, 1977) . Eight sensitivity runs are set up here, differing in number of grid points (9, 16, 32) and grid resolution (2.5°, 5°and 10°) ( Figure 2 ). A sensitivity run with a 10°resolution on a 32-point grid is neglected because the area described by such a configuration exceeds our region of interest. Overall, we can conclude that the number of unclassified days and the associated standard deviation decreases with a decreasing grid resolution (Table II) . For the configuration with 16 and 32 grid points, a grid spacing of 2.5°is inappropriate leading to a large number of unclassified days, 155 and 136 days per year respectively (Table II) . Also, for the configuration with nine gridpoints, a grid spacing of 2.5°is not appropriate: this grid configuration does not capture any circulation pattern (Table II) , and classifies each day as pure anticyclonic, which explains the non-existence of unclassified days. From this it is clear that the grid-spatial scale needs to be related to the typical scale of synoptic circulation patterns. However, as differences between the 5°and 10°g rid resolution using 16 grid points are small (25 and 19 respectively) and previous studies used the 16 grid points and 5°resolution, this study applies the same grid, enabling the opportunity to compare the results to former studies.
Evaluation of ECHAM5 SLP fields using ECMWF-ERA40 data
ECHAM5-MPI/OM SLP fields are evaluated using the reference CTL ERA40 dataset, for the December-JanuaryFebruary (DJF), March-April-May (MAM), June-JulyAugust (JJA) and September-October-November (SON) seasons separately. Figure 3 shows the seasonal mean SLP of both models together with the absolute bias of the ECHAM5-MPI/OM normalized by the standard deviation of the ECMWF-ERA40 40-year time series for each season separately. The normalized bias is largest during summer and smaller during the winter season. This is due to the small inter-annual variability (as expressed by the standard deviation of the 40-year time series) during summer, which is related to the weak north-south pressure gradient during this season (van Ulden and van Oldenborgh, 2006) . Therefore, the discrepancy in WTs between CTL ECHAM5 and CTL ERA40 is largest during summer, whereas during winter the WT occurrences correspond much better. The patterns in ECHAM5-MPI/OM are overall similar compared to the ERA40 reference dataset, although differences can be noticed in the strength and location of the anticyclonic belts and low-pressure systems. The occurrences of the WTs in ECHAM5-MPI/OM correspond within 10% to the ECMWF-ERA40 occurrences for all seasons except the summer (Table III) . During summer (JJA), there is an underestimation of the frequency of occurrence in CTL ECHAM5 of 4 and 5% for the NE(d) and E(d) directional groups, respectively, and an overestimation of 4 and 14% for the JJA SW(d) and W(d), respectively. This can be explained by an underestimation of ECHAM5-MPI/OM MSLP north of the British Isles, and a small overestimation of MSLP around the Mediterranean Sea (Figure 3(c) ), associated with an increased North-South pressure gradient in ECHAM5-MPI/OM.
For DJF, CTL ECHAM5 shows an easterly geostrophic flow anomaly in the northern part and a westerly geostrophic flow anomaly in the southern part of the WT grid (Figure 3(a) ). Note hereby that the WT grid is extending from the south of Norway to Sardinia (Figure 2 ). This results in anomalous cyclonic shear vorticity in our region of interest explaining the underestimation in anticyclonic WTs in CTL ECHAM5 . In addition, the North-South gradient in the WT grid increases, explaining the overestimation of western WTs in CTL ECHAM5 (Figure 3(a) ).
For MAM, the location of an anomalous low-pressure system in CTL ECHAM5 west of the British Isles, results in a stronger pressure gradient in the north-west to south-east axis in our region of interest. This leads to an increase (decrease) of W (d) also WT frequency differences are lowest for this season (Table III) . In general, the more pronounced CTL ECHAM5 pressure gradients result in a lower number of unclassified days, both yearly and seasonal, which suggest that CTL ECHAM5 pressure patterns have more pronounced (unrealistic) circulation characteristics (Table III) . Most significant differences (based on t-test statistics) between CTL ECHAM5 and CTL ERA40 are found in the late spring, summer and beginning of autumn (from May to September) (Table IV; Figure 4 ). During these seasons, WT occurrences of western types are significantly higher for CTL ECHAM5 than for CTL ERA40 SLP for northern latitudes (their Figure 2) . They found that ECHAM5-MPI/OM, next to others, has difficulties in correctly simulating circulations from April to September. These discrepancies could be due to the fact that the ECHAM5-MPI/OM does not use flux adjustment (as compared to other models), and therefore, model bias in SST can be expected which will also affect circulation patterns. van Ulden and van Oldenborgh (2006) tested various IPCC AR4 models in terms of circulation. ECHAM5-MPI/OM was shown to be one of the best models, although also here summer circulations in northern latitudes (30-90°N) are shown to be difficult to simulate correctly. Moreover, a comparison to a flux adjusted model (MIROchi -their Figure 18 ) showed that the latter was better in simulating the explained spatial variance in SLP, compared to the other non-flux adjusted models, including ECHAM5. Also the model resolution should be taken into account. Roeckner et al. (2006a) found that the JJA westerly wind bias around 50°N is still present at T106L31 resolution but clearly smaller than at the resolution used in our study (see their Figure 10 ). The difference in frequency distribution of WTs between CTL ECHAM5 and CTL ERA40 is assessed using the χ 2 test. During the summer season, CTL ECHAM5 distribution of WTs significantly differs from CTL ERA40 ( Table V) . During spring, autumn and winter both populations are not significantly different. On a monthly scale, significant differences between CTL ECHAM5 and CTL ERA40 are revealed in May and July WT frequencies (Table V) .
Additionally, WTs are derived removing the systematic errors in ECHAM5-MPI/OM prior to doing the classification. Firstly, the monthly mean 40-year bias is calculated as the difference between ECHAM5-MPI/OM and ECMWF-ERA40 SLP. Secondly, the WTs are derived after subtracting this bias from the original daily ECHAM5-MPI/OM SLP. There is a significant impact of eliminating the biases on the WT classification (Table VI) . The variability in WTs in Western Europe is very well presented by ECHAM5 once the systematic errors in SLP are removed: There is no significant difference in terms of mean annual, seasonal and monthly WT frequencies between ECMWF-ERA40 and the biascorrected ECHAM-MPI/OM SLP (Table VI) . Therefore, it is concluded that the discrepancy in WT occurrences between ECHAM5-MPI/OM and ECMWF-ERA40 can be explained by the monthly mean bias.
For each month, the mean bias for all WTs over the 40-year period is calculated. This bias presents the mean difference in number of occurrences (days) between CTL ECHAM5 and CTL ERA40 calculated for each month separately over all directional WTs (Table IV , right column). Biases are largest for May and July (1.24 and 1.26 days respectively). For all months from May to September, biases are exceeding a value higher than 1 day (Table IV) . For the remaining months, values are lower than 1 (day). On the basis of the significant differences on a monthly and seasonal time scale from Table IV , and taking into account this value of 1 day as a threshold, we conclude that ECHAM5-MPI/OM generally reproduces the observed WTs quantities for the October-November-December-January-February-MarchApril (ONDJFMA) months for the period 1961-2000. Non-negligible differences for the May-June-JulyAugust-September (MJJAS) period are found, where CTL ECHAM5 overestimates (underestimates) the number of westerlies (easterlies). Therefore, in order to avoid the model uncertainties concerning MJJAS circulation patterns in the ensuing analysis, our further analyses are restricted to the ONDJFMA period.
In Figure 5 , MSLP composites are plotted for the years 1961-2000, for the ONDJFMA period. Generally, the SLP shows similar patterns for CTL ECHAM5 and CTL ERA40 , although values differ regionally. The CTL ECHAM5 run overestimates pressure over the Sahara region and northern parts of Scandinavia, with pressure differences up to 2.5 and 3.0 hPa, respectively, whereas pressure patterns are slightly underestimated from Central Europe to the North-west region of Ireland, with differences up to 3 hPa. Generally, the pressure differences between CTL ECHAM5 and CTL ERA40 are small over the WT grid, and therefore differences in WTs are small for these months. Note that there are no significant trends in WT occurrence over the 40-year period in ERA40.
The relation between weather types and other indices of large-scale flow
Since the NAO-index, cyclone identification and blocking indices are often used to characterize atmospheric flow conditions in Western and Central Europe; in this section we compare these measures with the WT method to evaluate climate models. Many authors have proposed methods to calculate NAO indices, based on (normalized) the pressure differences between stations pairs, areaweighted pressure extremes or principal component time series corresponding to a pressure field principal component pattern (Osborn et al., 1999 -references therein) . Some authors (Ulbrich and Christoph, 1999; Hu and Wu, 2004) show that the largest values in teleconnectivity do not coincide with the reference locations used in the NAO index definition provided by Hurrell (1995) . In addition, they point out a shift in the NAO action centres in global warming climate simulations. Latif et al. (2000) confirm this with a canonical correlation analysis applied on ECHAM4. Their analysis reveals a north-eastward shift in the NAO centres of action. As pointed out by Campbell et al. (1995) and Huth (1997) , there is a lack of consensus on the spatial NAO characteristics. This is especially relevant for studying changes in the NAO, as the shift in the NAO action centres depends on the methods used to characterize the NAO. It is, however, of lesser importance here, as the aim of our analysis is to relate the present-day NAO with present-day SLP circulation patterns. For such an analysis, the precise definition of an index is of less importance provided that the comparison is performed on an identical basis (Osborn et al., 1999) . Indices derived for longer time scales show that the NAO is the best discerned when time-averaged (monthly or, preferably, seasonal) atmospheric fields are analysed (Marshall, 2001; Loptien and Ruprecht, 2005) . Therefore, the seasonal DJF NAO index is derived from both ECMWF-ERA40 and ECHAM5-MPI/OM by calculating the difference of normalized SLP from the nearest grid boxes to the Ponta Delgada (Azores) and the Stykkisholmur (Iceland) measurement sites ( Figure 6 ). In addition, the NAO index based on the measurements from Hurrell (1995) is added as the reference NAO index (Figure 6 ). Pearson correlation coefficients are calculated between the DJF frequencies of WTs and the DJF NAO index, both for CTL ERA40 and ECHAM5-MPI/OM (Table VII) . There is a strong significant negative correlation between the DJF NAO index and both CTL ERA40 and CTL ECHAM5 cyclonic WTs. This can be explained by a northward shift of cyclone activity (above 60°N) during winters with a positive winter NAO index (Sickmöller et al., 2000; Raible and Blender, 2004; Raible et al., 2005) . Since the northern boundary of the WT grid is located at 60°N, our Table IV . Monthly frequency differences (in days averaged over 40 years) for all groups of WTs for ECHAM5 minus ERA40. Scherrer et al. (2006) have shown, next to others, that there is a positive correlation between three blocking indices and a positive NAO phase. This is consistent with the significant positive correlation between NAO and anticyclonic WTs for both CTL ERA40 and CTL ECHAM5 (Table VII) . The underestimation of the correlation coefficient in CTL ECHAM5 is due to an underestimation of anticyclonic WTs frequencies in CTL ECHAM5 compared to CTL ERA40 (Table III) . The slope of the regression curve between anticyclonic WT frequency and NAO index is similar in CTL ECHAM5 compared to CTL ERA40 (Figure 7(a) ).
The directional western WT correlates positively with the winter NAO index (Table VII) , but the correlation is only significant at the 90% level for CTL ERA40 and not Values <0.1 allow the hypothesis that CTL ECHAM5 is a good approximation of CTL ERA40 to be rejected (both populations are significantly different) and are marked in bold.
for CTL ECHAM5 . Figure 7 (b) shows that not only the correlation coefficient, but also the slope of the regression between western directional type W(d) and NAO index differs, even though the mean pressure patterns anomalies during the positive NAO years (NAO+) and negative NAO years (NAO− ) (Figure 8 ) are almost identical. To analyse this in more detail, the regression between the mean yearly indices SF, WF, FF and Z of the WT method (see Section on 2.2) and the NAO index for CTL ECHAM5 and CTL ERA40 are calculated (not shown). There is no difference in the slope of the regression between geostrophic flow indices SF, WF and FF and NAO index between ECHAM5-MPI/OM and ECMWF-ERA40. Contrarily the vorticity index Z shows a less negative slope in CTL ECHAM5 compared to CLT ERA40 . Note that such a difference between CTL ECHAM5 and CLT ERA40 in the sensitivity of the shear vorticity to the NAO index can also be identified from Figure 8 . Since the sensitivity of Z to the NAO index is underestimated in CTL ECHAM5 , the sensitivity of C to the NAO index is slightly underestimated as well. This is compensated by a slight underestimation of the sensitivity to NAO index of W(d), SE(d) and E(d) (Table VII; Figure 7 (b)). On the one hand, our approach confirms the results of many authors who have already shown that a positive NAO corresponds to an enhanced zonal flow over Central Europe with an anomalously low (high) pressure over the subpolar (subtropical) North Atlantic (Hoerling et al., (Figure 8 ). On the other hand, it clearly points out the additional value of using this WT approach as a diagnostic evaluation tool for CGCMs. Not only it captures large-scale features found by other authors combining a multiple set of methods (NAO index, cyclone algorithms, blocking indices), but also shows that although pressure pattern differences between NAO+ and NAO− are similar for CTL ERA40 and CTL ECHAM5 (Figure 8 ), one should also check the frequency of occurrence of the large-scale circulation patterns, which can be easily done using the WT method.
Climatic trends in weather types
In this section, ECHAM5-MPI/OM climate change experiments with observed atmospheric greenhouse and aerosol concentrations since 1860 and different assumptions on future greenhouse gas and aerosol concentrations are discussed, namely the IPCC scenarios A1B, B1, and A2 until the year 2100. Following the IPCC report 2001, scenario A1B describes the future with a fast economic growth, a world population that peaks in the mid-century and declines afterwards and new and more efficient technologies. The scenario B1 is described by a similar population curve as A1B, but with an emphasis on global solutions to economic, social and environmental sustainability, including improved equity. The last scenario A2 differs herein that population continues growing through the century with a regionally developing economic growth and fragmented technological changes (IPCC, 2001) . Figure 9 . Within each directional WT group, trends for scenarios A1B, B1 and A2 are similar over the whole period, as well in amplitude as in overall trend. Yearto-year variability is large, as one could expect. Because long-term differences between the various scenario trends based on WTs are small, this study will continue its focus only on the scenario A1B. Trends have been re-calculated for the A1B scenario over the whole 240-year period, expanding from 1860 to 2100, selecting only ONDJFMA months ( Figure 10 ). Thereby, we can see an increase in number of the western directional type, balanced by a smaller decrease of pure cyclonic and all eastern directional WTs. The MannKendall test is applied to test the trends' significance. For the representative directional and the two pure cyclonic WTs, the Mann-Kendall trend test P -values and linear trends are given (Table VIII) .
The statistical analyses show that the increasing (decreasing) trend in all-West (all-East) is determined to a large extent by a significant increase in pure West directional types (by a decrease in pure East directional types) ( Table VIII) . The increase of W(d) results in an absolute mean increase of almost 73 extra days over 240 years of westerly flow W(d) over Central Europe during the months ONDJFMA. Again, a large year-to-year variability is found for all directional groups.
Conclusions
Until now, only few studies have tackled the strength of CGCMs in reproducing circulation patterns. In this respect, the automated WT classification method is tested as a diagnostic tool to evaluate CGCMs for the Western and Central European Region. The WTs for a 40-year control run of the ECHAM5-MPI/OM CGCM for Western and Central Europe are evaluated using the ECMWF-ERA40 database. In general, ECHAM5-MPI/OM appears to be able to reproduce the frequencies in directional circulation types, especially for the late autumn, winter and early spring period ONDJFMA. For late spring, summer and early autumn (MJJAS), significant differences are found for most of the directional types. In particular western types are significantly overestimated by ECHAM5-MPI/OM, while eastern types are underestimated.
As the NAO climate variability is of large interest for the Western and Central European climate, this largescale teleconnection pattern is compared to the WTs for the DJF winter period. The NAO index is positively correlated with the frequency of occurrence of westerly WTs whereby our approach confirms the results obtained by earlier research that a positive NAO phase is characterized by a stronger zonal flow, due to positive (negative) pressure anomalies over the subtropical (subpolar) ocean (Hoerling et al., 2001) . Furthermore, a positive relation between the NAO+ phase and blocking over Central Europe, as shown by Scherrer et al. (2006) , is recognized by our classification approach: the relation between the frequency of occurrence of the anticyclonic WT and the NAO index is positive. The negative correlations between cyclones and the NAO index as found by Sickmöller et al. (2000) are confirmed by a negative correlation between the frequency of occurrence of the cyclonic WT C and the NAO index.
In order to avoid model deficiencies in the analyses of potential future changes of circulation patterns, ECHAM5-MPI/OM climate scenarios are tested for the ONDJFMA period, only. Although inter-annual variability between the A1B, B1 and A2 IPCC scenario schemes is large, the trends for the circulation types between 2000 and 2100 using the three IPCC scenarios are similar. The Mann-Kendall test is used to calculate the SCEN A1B−Coupled circulation trends between 1860 and 2100. While in general the trends for the directional groups are insignificant, there is a significant increase (decrease) in western (eastern) directional groups. This suggests that one can expect a larger influence of western circulation over Central Europe during future autumn and winter seasons. However, one should keep in mind that the used ECHAM5-MPI/OM model showed the largest deviations from the ECMWF-ERA40 data for exactly the same circulation patterns, W(d) and E(d), during the summer months. Thus, further analyses and general circulation model (GCM) inter-comparison studies are certainly needed to test the robustness of the detected future circulation changes. In order to increase the reliability of CGCMs in future projections, down-scaling, air quality monitoring, boundary conditions for regional climate models and other applications, one has to make sure that overall circulation patterns are projected with confidence in all seasons. Thus, the approach suggested here could provide a rather simple methodology to detect changes and differences in circulation patterns on a synoptic time scale, which makes WT-scheme as an appropriate tool for CGCM evaluation. A lot of research has already been done on the NAO-related climatic impacts (see Marshall et al., 2001 and references therein), as well as on cyclone activity and blocking. On the basis of an automated classification method, as presented in this paper, climate impacts for various regions and on a synoptic time scale could easily be investigated for present-day climate and future CGCM scenarios. Thereby, further work is underway to extend the present analysis on its implications on regional surface climate variables (Trigo et al., 2002 (Trigo et al., , 2004 as precipitation (Hurrell et al., 2004) and temperature (Schär et al., 2004) .
